Schematic of the diode laser control, launch, and detection system. As indicated at the top of the figure, the slow ramp function generator for one of the diodes triggered the function generator for a second diode, whose layout is identical to that shown here (Le., two GRIN lenses, two spherical mirrors, and two detectors were 
Introduction
Rotary kilns are the most common type of incineration system, in part because they are amenable to a wide range of feeding conditions and fuel types (Linak et al., 1987a; Tillman, 1991; Pershing et al., 1993 ; US. EPA, 1993) . Currently, rotary kilns and other hazardous waste incineration (HWI) systems are periodically tested to determine the destruction and removal efficiency for specific pollutant emissions: hydrochloric acid, carbon monoxide (CO), particulates, and sometimes total hydrocarbons (THC). However, satisfactory destruction of these species during steady-state testing does not necessarily ensure complete destruction of these or other toxic organic pollutants during short-term transient upset events, or "puffs." Fuel-rich puffs are frequently generated in HWI systems when the hazardous waste feed is introduced in a batch mode, typically as liquid or solid waste in drums or other containers. This type of fuel feeding is particularly common in rotary kilns. When such containerized waste is introduced into an incinerator, the initial fragmentation of the container often results in a rapid release of volatile fuel components, momentarily depleting the local oxygen concentration in the incinerator. Also, for rotary kilns, unsteady exposure of solid or sorbent-bound unburned fuel during the kiln rotation cycle can produce transient, local mixtures depleted of oxygen. These fuel-rich mixtures consequently are convected through the incinerator and can produce significant transient emissions of unburned gaseous hydrocarbons, soot particulate, and CO (Lester et al., 1990; Cundy et al., 1991) . The overall emission performance of hazardous waste incinerators is often limited by these transient events. Furthermore, the economics of operating HWI systems that destroy containerized waste is often dominated by the necessity of incurring one to several waste-feed cutoffs each day, due to the formation of large puffs, and permit requirements of maintaining a minimum oxygen (02) concentration (typically from 3-5%) in the stack.
Past studies at the EPA's Air Pollution Prevention and Control Division (APPCD) combustion facility have demonstrated that the quantity of unburned gases and particulates produced during a transient upset (i.e., the puff magnitude) in a rotary kiln combustor depends in a complex manner on kiln temperature and rotation speed, waste composition and waste charge size, method of waste injectiodpackaging, and level of steady and dynamic 0 2 enrichment (Linak et al., 1987a (Linak et al., , 1987b Wendt and Linak, 1988; Lemieux et al., 1990 Lemieux et al., , 1992 . The magnitude of transient system upsets may be characterized by the amount of O2 required to completely oxidize the unburned gases and particulates (Lemieux et al., 1995) . For typical hazardous waste compositions, the vast majority of the unburned fuel mass in a puff is manifest as hydrocarbons (typically measured on a CH4-equivalent basis), soot particulate, and CO. Therefore, measurements of these three quantities may be combined to yield a determination of both the instantaneous puff intensity and the time integrated puff magnitude (Lemieux et al., 1990 (Lemieux et al., , 1992 (Lemieux et al., , 1995 . Furthermore, puffs from different types of fuels or surrogate wastes result in significantly different relative contributions from these three classes of compounds (Linak et al., 1987b; Lemieux et al., 1990) . For puffs produced from a given fuel/waste source, one would expect the relative partitioning of unburned mass to shift from hydrocarbon-heavy early in the time-history of a puff to soot-heavy at intermediate times, and then to CO-heavy as oxidation of the puff becomes important.
Transient emissions from incinerators may be minihized by injecting air or pure O2 into a secondary combustion chamber (SCC), or by modifying the fning rate of the (fuel-lean) afterburner in the SCC. In order to apply one of these control measures, an appropriate sensor in the vicinity of the primary chamber must rapidly indicate the presence of a puff and determine its intensity. As discussed above, the instantaneous puff intensity may be determined by measuring the concentrations of hydrocarbons (or, at least, a surrogate hydrocarbon), soot, and CO.
Unfortunately, conventional continuous emission monitors (CEMs) only exist for hydrocarbons and CO, and practical use of these CEMs necessarily involves a significant gas sampling and conditioning time lag on the order of 30-40 seconds (Lemieux et al., 1995 (Lemieux et al., , 1997 Vara-Muiioz et al., 1995) . Previous research at EPA's RKIS facility has demonstrated that the slow response of traditional CEMs is a significant hindrance to the development of an effective process control system for the suppression of transient emissions, even when using artificial intelligence (fuzzy logic) to improve feedback control of O2 addition to the SCC (Lemieux et al., 1995) . Typical gasphase residence times both in the EPA's pilot-scale rotary kiln and in full-scale units are 2 seconds through the kiln section (primary chamber), 2 seconds through the transitional section, and 2-3 seconds through the SCC (Linak et al., 1987a) . Therefore, in order to apply effective feed-forward control logic of the afterburner with a detector located at the end of the primary chamber, a detector response time on the order of 1 second (1 Hz) is desired, when accounting for the finite response time of 0 2 injection.
In order to achieve a suitably fast response, an optical, preferably in situ, sensor is desired for use in incineration systems. As was pointed out by McKinnon et al. (1992) , tunable diode laser absorption spectroscopy (TDLAS) is a promising technology for this application, because of its sensitivity to a wide variety of small molecular species, including CO and CH4, and its ability to accurately measure these species in the presence of complex gas mixtures (as a consequence of the very narrow linewidth of TDLs). Near-IR diode lasers emit extremely narrow (< 0.003 cm-I), single-mode radiation that can be tuned across molecular absorption lines by varying injection current or device temperature near room temperature. This obviates the need for cryogenic temperature-control equipment that is required to operate mid-IR TDLs. In addition, the use of near-IR wavelengths allows the use of inexpensive, commercial-grade fiber optic cabling and fiber splitters to route the output from a single, remote laser source to several detector locations. In contrast to many other laser-based spectroscopies used in the laboratory, near-IR TDL spectroscopy is potentially well suited for application as an on-line industrial sensor, due to its compactness, fast time response, low cost, and the use of reliable and rugged solid-state components (Allendorf et al., 1995 (Allendorf et al., , 1997 . Unfortunately, the molecular features in the nearinfrared are overtone and combination-band transitions, with much weaker absorption line strengths than the transitions in the mid-infrared. Consequently, near-IR TDL sensors are fundamentally less sensitive than mid-IR TDL sensors. Also, in applications with light-attenuating environments (due to soot, ash, dust, or other suspended particulates), the near-IR laser light is usually attenuated more severely than mid-IR light, further reducing the effective sensitivity of the near-IR sensor. The purpose of the measurements described herein was to evaluate the suitability of near-IR TDLs as fast-response puff sensors in incineration systems.
Experimental Setup

Rotary Kiln Test P/an
A series of tests was performed on the EPA's RKIS facility, located in Research Triangle Park, North Carolina. This facility is shown in Figure 1 , and is described in detail elsewhere (Linak et al., 1987a,b) . Both the main burner and the afterburner are fueled by natural gas and have a firing rate of 250,000 B t u h (73 kW). The volumetric heat release rates, gas-phase residence times, and temperature profiles in the RKIS are typical for full-scale rotary kilns, which often have thermal ratings that are 40 times larger. The TDL system was installed on the RKIS facility and made in siru measurements at the two port locations indicated in Figure 1 , referred to as "burner" and "exhaust" measurements. Fixed-gas CEMs of 0 2 (paramagnetic analyzer), CO (NDIR), C02 (NDIR), nitric oxide (NO-chemiluminescent), and THC (flame ionization detector-FID) were sampled at the same nominal locations as the TDLs, using two U 4 -h (0.635-cm) stainless steel extractive sampling probes inserted perpendicular to the flow. For the transient emission ("puff") experiments, integrated soot loading was measured by collecting soot onto a tared quartz filter maintained in the heated sample line (300 OF, 420 K) used by the THC analyzer.
Secondary Combustion Chamber
Transition Section injection and the two sampling ports used in this study for line-of-sight TDL measurements across the combustor flow. Stainless steel probes also sampled gases for standard CEM and TDL gas cell measurements at these two locations.
The RKIS tests were conducted in three phases. In Phase 1, the natural gas pilot flames in the kiln section and in the afterburner were run slightly fuel-rich; the stoichiometric ratio [SR = l/(equivalence ratio)] was 0.85 in the kiln and 0.76 in the afterburner. This test phase allowed a comparison of TDL and extractive probe CEM measurements under quasi-steady, low-sooting conditions. A Tedlar bag sample was analyzed for light HCs to provide a calibration for the in siru CI& TDL and to compare with the THC CEM.
During Phase 2, the dominant phase of testing, the natural gas burners in the kiln and afterburner were operated slightly fuel-lean (SR = 1 .I), and a surrogate liquid waste composed of toluene and methylene chloride (50/50 ratio by volume; 38/62 molar ratio) was injected with a liquid lance into a region near the RKIS main burner, using a computer-controlled, time-based program. These tests evaluated the time response of the TDL detector system and its ability to detect and quantify system transients (puffs). The time-dependent injection rate of surrogate waste (W) followed the equation:
where W is the instantaneous flow rate of surrogate, PI is the maximum surrogate flow rate, n is an integer ranging from 1 to 3 that determines the number of consecutive, identical puffs, t is the time in seconds, and z is the desired puff duration in seconds (Lemieux et al., 1990) . PI values of 0.037-0.046 mol/s and 7 values of 100-300 seconds were used during these experiments. Each set of conditions was repeated three times, for 39 total experiments. The experiments were performed in a random matrix, to eliminate biases from the gradual increase of kiln temperature (temperature creep) that normally occurs due to the imposition of many high temperature transients on the incinerator. The injection of surrogate waste and run initiation times were triggered by a digital switch that simultaneously started the integrators on the RKIS data acquisition system and sent a signal to the TDL system so that timescales could be synchronized.
Test Phase 3 consisted of more realistic puff conditions produced by the ramrod injection into the kiln of I-qt (0.9-L) cardboard containers filled with corncob sorbent. The 50/50 (by volume) toluene/methylene chloride mixture was bound on the corncob, with a total container weight of 200 grams. Two characteristic puff magnitudes were generated, using either 60 or 80 mL of total "waste" dopant in a container. The kiln rotated at 0.45 rpm. Sixteen separate experiments were conducted during this portion of the testing.
TDL Equipmenf
A single data acquisition system was designed to simultaneously operate two near-IR tunable diode lasers. One TDL scanned across the R(l) line of the 0->3 overtone band of CO at 6357.8 cm-l, or 1572.9 nm (in vacuum). The other TDL scanned across the R(2) doublet of the 2v, band of CH4 at 6036.7 cm-', or 1656.5 nm (in vacuum). These diode lasers are near-IR InGaAshP (IndiumGallium-Arsenide/Indium-Phosphide) distributed feedback devices that have been packaged into temperature-controlled modules compatible with the electronics of the Bovar Western (formerly Spectrum Diagnostix) ammonia monitor (SpectraScanm). Custom software has been developed to allow dual modulation of the laser wavelength. The laser is scanned slowly (213 Hz) across -1 nm (0.5 cm-1) with a ramp waveform to selectively detect the molecule of interest. A fast (1 MHz) sinusoidal wavelength modulation over approximately one absorption feature linewidth is superimposed on the slow spectral scan. Phase-sensitive detection at twice the driving frequency (2 MHz) selectively amplifies the molecular absorption feature and results in significantly enhanced sensitivity over direct absorption (Silver, 1992; Cooper and Martinelli, 1992; AUendorf et al., 1994) . This second-harmonic detection of the high-frequency modulation results in a spectral feature with a shape similar to the second derivative of the absorption lineshape. In the linear response region, the magnitude of the second-harmonic feature is proportional to the molar concentration of the absorbing species (for a given temperature and pressure) (Cooper and Martinelli, 1992) . For optimal molecular sensitivity, both a slow-scan and 1-MHz sinusoidal waveforms may be imposed across the absorption feature linewidth and dual lock-in amplifiers applied, resulting in a dc signal proportional to the local absorption depth. However, this "monitor mode" technique does not provide any information about the local absorption spectrum and is sensitive to transient broadband absorption of the laser beam. Instead, for this application we use the slow spectral scan method, in which only a single lock-in is used to demodulate the highfrequency modulation. With spectral scan detection, the time-dependent behavior of molecular interferences, optical etalons, and attenuation of the laser beam may be evaluated. For in situ applications in which a particulate-laden gas stream may be sampled, the broadband absorption of the laser beam needs to be evaluated, because the magnitude of the molecular absorption feature is proportional to the total amount of laser light incident on the detector. For the modulation depth used here, the CH4 doublet appears as a single, relatively wide absorption feature.
The pigtailed fiber optic output from each diode was split into three fibers (see Figure 2) . One of the fibers transmitted the laser beam to a reference cell, whereas the other fibers transmitted the laser beam to the two sampling locations. The reference cells are small, enclosed Hemott cells with a total pathlength of 10 meters. They were maintained at room temperature and a pressure of 200 torr. The reference cells were used to verify the laser scan wavelength and also were used to actively line-lock the diode lasers on their prescribed absorption features (to prevent laser wavelength drift over time). Small optical breadboards containing the laser sending and receiving optics were attached to nitrogen-purged 3-in. (7.6-cm) American National Standards Institute (ANSI) flanges on the incinerator. GRIN (gradient index of refraction) lenses were used to launch the laser beams from the single-mode optical fibers. In order to increase the sensitivity of the in Figure 2 . Schematic of the diode laser control, launch, and detection system. As indicated at the top of the figure, the slow ramp function generator for one of the diodes triggered the function generator for a second diode, whose layout is identical to that shown here ( i t . , two GRIN lenses, two spherical mirrors, and two detectors were situated on the breadboards at each in situ measurement location).
situ measurement, retroreflectors were used to double the effective duct flow sampling width to 36 in. (91 cm) at the burner port and 48 in. (122 cm) at the exhaust port. The total distance traversed from window-to-window across the incinerator was 6 ft. (1.8 m). In order to reduce optical etalon effects, anti-reflection (AR)-coated, 3O-wedged quartz windows were canted at 15" in the flange connections. Spherical mirrors at near-normal incidence were used to focus the transmitted laser beam onto high-speed InGaAs detectors. Signal receivers demodulated the detector outputs and sent both low-pass filtered raw detector signal (so-called "Of') and the demodulated ("2f') signal to a computer. The computer digitized and stored 100-scan averages of the detector signals for each laser at each measurement location,resulting in net data rates of 1 Hz. The Of signals were postprocessed to determine the time history of the laser transmittance, in order to c o m t the measured 2f signals for transmittance variation and to calculate the instantaneous soot particulate concentration in the sample volume. Sample demodulated signals from the reference gas cells and the in situ measurement are shown in Fig. 3 . The greater width of the 2f signal feature for the CH4 in situ measurement, in comparison to the Cbreference gas cell, indicates that the CHq absorption feature is broader in the burner environment than in the reduced pressure gas cell. 20 , 1 , , 1 1~, , , , , , , 1 , , , , ( , , , , 1 , , , , 1 , , , , 1 , , Figure 3 . Second-harmonic lock-in signals from the TDL laser scans. All signals are 100-scan averages. The top two scans are from the reference gas cells and the bottom scan is from the in situ measurement at the burner sample location during fuel-rich combustion of natural gas.
TDL Gas Ce//
The primary goal of the present project was to investigate the applicability of near-IR TDL sensors for in situ measurements (due to their inherently fast response). However, TDL measurements were also made by flowing extractive probe-sampled gases through a multipass Herriott gas cell with a 10-m pathlength. These latter measurements provided a more accurate determination of gas species concentrations by TDL for comparison with standard CEMs. These measurements were performed by accessing the CEM sample flow from the burner location, after it had undergone gas conditioning (including removal of water vapor). The gas cell can only accommodate a single fiber optic transceiver, so for each of the latter two test phases the fiber optic for one of the TDLs was relocated from the exhaust sampling position to the gas cell (the CO fiber was relocated during Phase 2 and the CH4 fiber was moved during Phase 3). Extractive TDL measurements are more sensitive than in situ measurements for several reasons. First, the multipass configuration of the optical cell directly increases the absorption pathlength (in this case, to 10 m versus the 0.9 m in situ absorption path) and thus the sensitivity. Also, pressures and temperatures can be reduced in an extractive cell (300 torr and near-ambient temperature were used for this project). Detection at lower pressure narrows the collision-broadened linewidths, resulting in stronger on-peak signals. Also, interferences due to other molecular species present in the gas flow are generally reduced because their absorption linewidths are similarly decreased due to a lower pressure in the gas cell.
At lower temperatures, fewer high energy states are populated, resulting in a larger population in the lower energy states of the target molecule and a reduced likelihood for spectroscopic interference from hot-band transitions of other molecules (especially COz and water). All of these effects lead to relatively stronger, more easily detected molecular signals in an extractive measurement compared to an in situ measurement. Finally, extractive gas measurements have the important feature of direct calibration by flowing a calibrated gas mixture through the cell. Such a direct calibration is generally difficult, if not impossible, for an in situ technique. The CO and CH4 TDL detectors on the extractive gas cell were calibrated each day before performing any tests by passing the appropriate CEM span gases (0.1 and 2% CO, 80 and 800 ppm CH4) through the cell. The TDL signals exhibited good linearity over these concentration ranges.
Results and Discussion
Steady Combustion Experiments
Figures 4 and 5 compare in situ TDL measurements of CO and CH4 with those from conventional extractive-sampling CEMs during "steady," non-sooty operation of the kiln (Phase 1 testing). reveal that the in situ laser measurement (with a time response of < 2 seconds) responds -20 seconds faster than the THC CEM and -30 seconds faster than the CO CEM (see Fig. 5 ). In addition, comparison of the time trace of the CH4 TDL signals versus that of the THC CEM demonstrates that the CH4 TDL yields sensitive, quantitative results with in situ detection. In contrast, the CO TDL signal suffers from significantly weaker line strengths in the detected spectral region and interference from COz andor water hot-band absorption lines. Consequently, the in situ CO TDL signals do not accurately track the CO measured with the NDIR CEM at the measured concentrations of 0.4 f 0.3%. Some consistency in temporal behavior is seen (e.g., the Occurrence of the two peaks between times of 500 and 750 seconds in Fig. 4) , suggesting that the in situ TDL measurement of CO is near its detection limit for these CO concentrations. A Tedlar bag was used to sample 20 minutes of flow from the exhaust probe position during one of the Phase 1 tests and was analyzed using gas chromatography. Comparison of the 2200 ppm of CH4 measured from the bag sample with the integrated THC measurement during the same sampling period yields a C W H C ratio of 0.7, which is not unexpectedly high considering that the source of the exhaust gas was a fuel-rich natural gas flame. Using this value in concert with the TDL data in Figs. 4 and 5, it is estimated that the in si& detection limit of the C& TDL (at 1930 "F = 1330 K) is 100-200 ppm.
Liquid /n/-eciion PUJ% Figure 6 shows typical TDL and CO CEM measurements during a series of puffs generated in the rotary kiln by the timeantrolled injection of a mixture of toluene and methylene chloride (Phase 2). Copious quantities of soot were visually observed to be present in the incinerator during these puffs. With the generation of soot in the kiln, strong attenuation of the laser beam occurred inside the kiln, as indicated in the top half of Fig. 6 , and prevented the in situ measurement of CO and CH4 for all of the puffs produced in this test series. However, this loss in transmittance in itself provided a sensitive, rapid puff indicator. In addition, the CO TDL analysis of extwtively sampled, filtered gases provided an accurate measure of CO concentrations, as demonstrated in the lower half of Fig. 6 . Although the gas sample for the TDL gas cell passes through all of the piping associated with the sample probe and sample conditioning system, the near-instantaneous response of the TDL results in an approximately 10-second faster peak response time for the TDL gas cell measurement in comparison to the CO CEM. The additional time-lag of the CO (and CO2) CEM results from the use of a typical, long response time setting (for improved readout accuracy) on the N D R instrument during these tests. The only gas conditioning required for successful operation of the TDL gas cell is particle filtration. Consequently, a dedicated sampling line with the gas cell mounted close to the incinerator should yield an extractively-sampled, highly-sensitive TDL measurement of gas composition within a few seconds.
During both the Phase 2 (liquid-injection puffs) and Phase 3 (canister-generated puffs) experiments, the TDL laser beam was almost completely attenuated during the passage of the puffs concentrations during the puffs, despite the elevated concentrations of these gas species within the puffs. Figure 7 displays the CO and hydrocarbon CEM measurements together with TDL-derived soot concentrations (discussed later) at both the burner and exhaust sampling positions for some of the liquid-injection puffs (for a different puffs than those shown in Fig. 6 ). Figs. 6 & 7 show that peak CO levels in the liquid-injection puffs were around 1.5%, whereas peak total hydrocarbons were about 1000 ppm. With a typical maximum attenuation of -95% of the incident laser beam during the passage of a large puff, the minimum detection limits determined during the steady combustion tests (7000 ppm for CO and 200 ppm for methane) translate to expected minimum detection limits of 14% for CO and 4OOO ppm for methane for in situ TDL measurements during the peak of the puffs. In fact, peak CO and THC levels in the puffs, as measured by the extractive CEMs, were in the vicinity of 1.5% for CO and lo00 ppm for THC. The in situ TDL signals were scrutinized during the rising and falling edges of the TDL transmittance profiles for evidence of CO or CH4, but no definitive gas absorption features were evident. If TDL data collection had occurred with more limited time-averaging of spectral scans (100-pt. averages were stored during these tests), molecular signals at the rising and falling edges of the puff profiles may have been successfully resolved.
The baseline concentrations of CO and total hydrocarbons as measured by the CEMs between puffs were 15-60 ppm and 0-20 ppm, respectively, which is well below the in situ TDL detection limits. Consequently, the only available in situ TDL signal during the liquid-injection (and canisterinjection) tests was the laser attenuation. *ration of the kiln with a less sooty waste fuel mix would potentially reduce the laser attenuation during puffs to a level that remains acceptable for performing the in situ species measurements. Aromatic compounds (such as the toluene portion of the waste simulant used in these experiments) are known to be exceptionally prone to soot formation in fuel-rich environments (Glassman, 1988) . Furthermore, the use of chlorinated hydrocarbons (such as the methylene chloride used here) generally exacerbates the sooting tendency of flames or pyrolytic processes (Morse and Cundy, 1994) . Therefore, the surrogate waste combination used in this study probably represents a severe sooting mixture compared to the range of wastes of interest to commercial incinerators.
Derived Soot Concentrations
The measurements of laser attenuation may be used to derive the instantaneous soot concentration in the flow, as long as there is not a significant contribution of ash particles to the transient laser light attenuation. Feeding of fly ash was performed in some of the experiments, but the feed rate was nominally steady and did not appreciably affect the TDL laser transmittance. The instantaneous, optical path-averaged soot concentration, expressed as volume fraction, is derived from the transmittance time record by applying the Bouguer-Lambert law for light absorption in a uniform medium:
where I is the transmitted laser intensity, Io is the initial laser intensity, K, is the non-dimensional extinction coefficient, h is the laser wavelength, fv is the soot volume fraction, and 1 is the absorbing pathlength. For particles with a characteristic size that is much smaller than the laser wavelength, the extinction coefficient is equal to the product 6nE($), where E is a prescribed function of the complex index of refraction, & (Bohren and Huffman, 1983) . This Rayleigh-limit expression for K, has been widely utilized for interpretation of laser extinction measurements of soot concentration, even with visible wavelength laser sources. However, a wide range of values has been measured for soot indices of refraction, leading to a large uncertainty in the choice of any particular measured value (Smyth and Shaddix, 1996) . Also, aggregated soot particles, as expected at the measurement locations in this study, frequently fall outside of the Rayleigh limit and produce non-negligible scattering contributions to the overall laser extinction. A number of measurements have been recently performed on the non-dimensional extinction coefficient of postflame soot formed in laminar and turbulent flames of a wide variety of fuels (Mulholland and Choi, 1998; Krishnan et al., 2000; Zhu et al., 2000; Krishnan et al., 2001 ; Zhu et al., 2002; Widmann et al., 2003) . These measurements have consistently yielded extinction coefficients that are substantially larger than those predicted from Rayleigh theory when using past measurements of the soot refractive index. In particular, at the -1.6 pm wavelength of the CO and CH, lasers used in this study, a K, of 9-10 was recently reported for soot derived from acetylene and ethylene flames (Zhu et al., 2002) . In comparison, Rayleigh-limit extinction coefficients derived from canonical soot refractive index values reported by D&U and Sarofim (1969), Lee and Tien (1981) , and Habib and Vervisch (1988) are equal to 6.1, 5.1, and 3.3, respectively, using the dispersion relations evaluated at 1.6 pm. For the analysis of the TDL laser attenuation in this study, a K, of 9.2 is assumed, as is supported by the recent measurements at both 1.3 and 1.6 pm (Zhu et al., 2002) . The estimated uncertainty in using this value of K, and therefore in the derived soot concentrations is on the order o f f 15%.
Figure 7 compares a typical time trace of TDL-derived soot concentrations at both sampling locations with the corresponding readouts from the THC and CO CEMs. The faster response of the TDLreading is evident, as well as peak soot volume fractions on the order of 0.5-1 x 10-6 (i.e., 0.5-1 ppm). At a given sampling location, the peak soot concentration during the passage of puffs roughly scales with the peak CO concentration. However, the proportionality constant varies from the burner sampling location to the exhaust. For an on-line sensor to provide accurate feed-forward logic for operation of the kiln afterburner, an immediate reading such as this of the soot concentration is needed. Past experiments on afterburner process control have neglected the contribution of soot to the total unburned material in a puff, because of the lack of an available "soot CEM" (Lemieux et al., 1995) . and total hydrocarbon (THC) CEM measurements from the two RKIS sample locations. Puffs were generated by computer-controlled injection of methylene chloride and toluene into the kiln.
The TDL transmittancederived soot concentrations may be compared with those determined by extractive sample filter capture over the course of each puff test series, which consisted of one to three discrete puffs. In order to convert the transmittance-derived soot volume fractions to timeintegrated soot mass, the local volumetric flow rate and density of soot are required: rn, = p,VJf,dt .
(3)
A typical value of 1.9 g/cm3 is assumed here for the soot density, ps. The local volumetric flowrate, V I is determined by multiplying the volumetric flowrate at standard conditions by the ratio of the local temperature to the standard temperature (298 K). Thermocouple measurements in the incinerator give the requisite temperatures (typically 1900 "F/1310 K at the burner sampling location and 1600 "F/1140 K at the exhaust) for the calculation, and volumetric flowrates at both sampling locations were determined by mass balance, after accounting for minor air leakage into the system. At the peaks of the stronger puffs, complete extinction of the laser beam occurs (on the level of the signal digitization), resulting in underestimation of the peak transient soot volume fraction.
ConPiMms to PuHMagnituok
The time-integrated values of soot mass are shown in Figure 8 as a function of the puff-integrated CO mass for a given puff test series. As is evident from this figure, the TDL-derived soot values show a more consistent correlation with the CO concentrations than the filter-derived soot measurement, especially at the exhaust, where the linear correlation coefficient values range from r* = 0.90-0.95 for the TDL-derived soot and from r2 = 0.20-0.30 for the filter technique. Because one might expect a correlation between soot concentrations and CO levels to exist (for a given puff waste type and measurement location), determination of the soot mass on the basis of the TDL attenuation records appears quite promising.
The slope values for the linear fits in Fig. 8 show a factor of 5 difference in absolute soot levels for the two methcdologies at the burner sampling location, but no discemable difference at the exhaust. The filter measurement technique tends to underestimate soot concentrations due to deposition of soot onto the inner probe walls. The deposition of soot on the walls of the sample tube is primarily due to therrnophoresis, which might explain the substantial losses in soot sampling that appear to occur at the high-temperature burner sampling location. Another possible explanation is that the flow is more stratified at the burner sampling location, so the soot concentrations sampled with the probe may not be representative of the full flow cross-section at that location. The fdter collection technique also suffers from an inconsistent, high detection limit, Figure 8 . Puff-integrated soot mass based on both TDL attenuation and filter collection as a function of the puff-integrated CO mass: (a) burner sampling location, (b) exhaust sampling location. Puffs were generated by computer-controlled injection of methylene chloride and toluene into the kiln.
due to uncertainties associated with weighing the filter and humidity effects. This trend is evident in the large numbers of negligible filter collection weights in the exhaust sampling shown in Fig.  8b . Previous research at the EPA has shown that, although the filter technique does not quantitatively compare with established particulate measurement protocols (such as the SASS technique -source assessment sampling system), the filter trends tend to correlate well with the actual soot concentrations (Lemieux et al., 1990) . The results shown in Fig. 8 confirm this for a given sampling location, but also reveal that significant differences exist in the relative errors associated with filter sampling at the burner and at the exhaust.
It appears from this analysis that the TDL-derived integrated soot mass measurements allow a more accurate determination of the composition of puffs than is possible with the filter weight soot values. Figure 9 shows the TDL values for puff-integrated soot content as a function of the total puff magnitude, together with the CEM-determined CO and THC contributions. All of these quantities are expressed in terms of the moles of molecular oxygen ( 0 2 ) required to fully oxidize the individual or total contributions of CO, hydrocarbons, and soot within the puff (Lemieux et al., 1995) . These "P" values are calculated using the CEM-measured CO and THC concentrations and the TDL-derived soot mass, the volumetric flowrates in the incinerator at the positions sampled, and the stoichiometric requirement for full oxidation of the species of interest. The linear relationship of the three contributing elements to the total puff magnitude that is observed at the burner sampling location suggests that the relative contribution of these different constituents to the total puff magnitude is fairly constant over the wide range of puff intensities investigated in this work. The values of the slopes of the linear fits of the data reveal that soot dominates the unburned matter in the puffs investigated here at the burner location, accounting for 60% of the puff magnitude, with most of the remainder due to CO. By the time these puffs pass the exhaust sample port, the hydrocarbons and soot have been further oxidized and the CO dominates over the soot in contributing to the puff magnitude. In general, Figs. 7-9 show that the TDL-derived soot and the CEM-determined THC levels in the puffs are decreasing between the bumer and the exhaust, whereas the CO concentrations are increasing, with no significant dependence on the overall puff magnitude. These observations suggest that the puff is slowly oxidizing (to CO) Figure 9 . Time-integrated soot, CO, and THC as a function of total integrated puff magnitude for the two RKIS sample locations: (a) burner sampling location, (b) exhaust sampling location. Puffs were generated by computer-controlled injection of methylene chloride and toluene into the kiln.
during its passage through the incinerator (the afterburner was run slightly fuel lean during these experiments).
Canisfer Puffs
The ramrod injection of cardhard canisters containing corncob with adsorbed surrogate waste yielded puffs whose peak intensity was greater than for the liquid-lance-generated puffs used in this test series. However, the overall puff durations and integrated puff magnitudes were less than for the Phase 2 tests. These trends are evident in Figure 10 , wherein a typical TDL transmittance record and the corresponding TDL gas cell (C& laser) and THC CEM time traces are shown at the burner location. Attenuation of the TDL laser beams was even more severe than for the Phase 2 puffs, such that, as for Phase 2, the molecular TDL signals were not evident for the in situ measurements. The CH4 TDL signals from the extractive sample gas cell show good signal-tonoise behavior and no substantial interferences. Comparison of the TDL CH4 signal trace with the THC CEM shows qualitative agreement, though the r i t e filling time and flush time of the gas cell result in a peak lag and overall longer duration for the puff signal given by the extractive TDL system in comparison to the THC CEM. from the RKIS burner sample location during a series of methylene chloride/toluene puffs generated by ramrod injection of corncob-containing canisters into the kiln. Figure 11 shows the contributions of soot, CO, and hydrocarbons to the total puff magnitude for the canister puff test series. Comparison of the overall puff magnitudes at the exhaust measurement location to those at the burner reveals that considerable oxidation of the smaller puffs in this test series occurs as they traverse the transition section and secondary combustion chamber (between the two sampling locations). Also, in contrast to the results for the Phase 2 liquid-injected puffs, the CO concentrations do not follow a monotonic trend with overall puff magnitude. Rather, CO contributions to the puff magnitude are comparable to soot for the small canister-derived puffs, but as the puff magnitude increases the CO contribution peaks and soot begins to dominate the overall composition, especially at the burner sampling location. As was found during the Phase 2 tests, the unburned hydrocarbons represent a small portion of the unburned mass of the puff. 
Conclusions
Steady, fuel-rich operation of the EPA's pilot-scale rotary kiln incinerator demonstrates that near-IR TDLs can be used to detect C b (and possibly CO) in siru. For the magnitudes of the methylene chloride/toluene puffs generated in this test series, however, severe attenuation of the TDL laser beams occurs, resulting in an inability to measure in situ gas species concentrations during these transient events. TDL measurements of CH4 and CO in an extractively sampled, ambienttemperature gas cell show good sensitivity and excellent agreement with corresponding solid-state gas analyzers. In addition, the in situ laser attenuation signals themselves can be used to calculate instantaneous soot concentrations and the total integrated soot mass contained within a puff. These continuous soot measurements provide important information for potential feed-forward operation of the kiln afterburner and also demonstrate that the quantitative accuracy of filter-based soot measurements is limited. The relative contributions of CO, soot, and total hydrocarbons to the puff composition were found to be independent of puff magnitude for puffs generated by liquid injection of the surrogate waste. For sorbent canister-derived puffs, significant oxidation of the puff occurred within the incinerator and the puff composition varied with the magnitude of the puff. The results from these experiments suggest that a combination of in situ and extractive gas cell TDL measurements holds the most promise for a fast-responding, quantitative puff sensor system that can accommodate upset conditions with a range of transient particle loadings.
